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Rigorous numerical study of strong microwave photon-magnon coupling in all-dielectric magnetic multilayers
I. INTRODUCTION
Unique electromagnetic properties of microwave waveguides and resonators with magneto-insulating material inclusions have been well-known and actively exploited for several decades. 1 Recently, the functionality of devices comprising magneto-insulating materials has been extended and now it also includes spin wave-based and magnonic microwave devices, [2] [3] [4] magnetically tuneable microwave metamaterials, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and microwave quantum systems. [23] [24] [25] [26] [27] [28] It is worth stressing the practical importance of microwave quantum systems. Although in some cases the realisation of quantum functionality in the microwave range is more complicated than in optics, microwave quantum systems are potentially more useful in the short-term perspective because they open up opportunities to increase the sensitivity of magneticresonance imaging and improve the currently available radar technologies (see, e.g., Refs. 29 and 30) .
Both the tuneability effect in metamaterials and the strong coupling of microwave photons to magnons (the quanta of spin waves [2] [3] [4] ) in quantum systems stem from the dependence of the ferromagnetic resonance (FMR) frequency on the external static field H applied to the magnetic material. 1 This coupling leads to a strong anti-crossing between the microwave photon mode and the magnon mode. Recently, Cao et al. 26 demonstrated that the anti-crossing can be realised not only for the FMR but also for higherorder standing spin wave resonances co-existing with the FMR in a magnetic thin film. As these resonances exist at lower value of the applied magnetic field, this finding opens up opportunities to decrease the applied field required for the strong coupling. A split-ring resonator (SRR) is arguably one of the most often employed elements in metamaterials in general (see, e.g., Ref. 31 ) and in magnetically tunable microwave metamaterials in particular (see, e.g., Refs. [14] [15] [16] [17] [18] [19] . SRR-based devices represent a magnetic film-loaded SRR that is excited by a microstrip or coplanar line (for brevity and generality, hereafter we also use the term "stripline"). In the case of the excitation of the SRR by a stripline, 32 the dynamic magnetic field h rf created by the stripline on top of which the SRRs loaded with the magnetic film are located is used to drive the electromagnetic modes of the SRR and the magnon modes in the magnetic film. (Hereafter, we will interchangeably use the terms "electromagnetic mode" and "photon mode.")
On the other hand, there are alternatives to SRR-based magnetically tuneable devices. For example, Yttrium Iron Garnet (YIG) thin films or bulk YIG also exhibit negative permittivity and permeability. [5] [6] [7] [8] 10, 21, 22 Such YIG-based devices are often excited by the dynamic magnetic field h rf of a stripline and their operating frequency can be tuned by an applied static magnetic field.
Moreover, YIG is a very well-known material that has been used in industry for several decades because of its low a) ivan.maksymov@uwa.edu.au 0021-8979/2015/117(19)/193909/9/$30.00
V C 2015 AIP Publishing LLC 117, 193909-1 magnetic (Gilbert) damping parameter a G . 4, 33 Most significantly, YIG is very attractive for microwave quantum experiments. It is known that whereas the interaction of a single spin with an electromagnetic field mode is very weak, collective enhancement, which scales as the square root of the total number of spins, 34 makes the effective coupling strong enough. The spin systems with the largest volumetric density of spins are ferro-and ferrimagnets. For instance, the net spin density of YIG in the ordered phase is several orders of magnitude higher than in paramagnetic spin ensembles, 33 which have been recently studied extensively and shown to be prospective candidates for quantum information applications (see, e.g., Ref. 35) . Furthermore, in a ferro-or ferrimagnetic materials the spins are strongly coupled to each other which results in a collective motion of spins required for the strong coupling.
In this work, we propose and investigate a multilayered structure having in its core a magneto-insulating YIG film. The YIG layer is sandwiched by non-magnetic low-loss high dielectric constant (HDC) layers. The in-plane dimensions of the HDC layers match those of the YIG film and these layers have a large dielectric permittivity matching that of YIG. 36 We also consider the scenario of a bulk YIG layer used instead of the film. The HDC layers are not required in this scenario.
By means of rigorous numerical simulations, we predict a strong microwave photon-magnon interaction, which manifests itself as anti-crossing between the magnon mode and the fundamental electromagnetic resonance mode supported by the multilayer. As the strength of the anti-crossing effect depends on the applied static magnetic field, we suggest that our multilayered structure can be employed as a platform for microwave planar tunable metamaterials and quantum systems. In the latter case, our theoretical predictions are for a signal level well above the single-photon level (classical dynamics). This valid approach was pointed out, e.g., in Ref. 24 , which demonstrated that the prospective candidates for high-co-operativity systems can be identified by studying their classical dynamics at room temperature.
Similar to non-tuneable all-dielectric microwave metamaterials (see, e.g., Refs. 9, 37, and 38), the proposed multilayered structure is expected to be low-loss as compared with SRR-based devices, which are not free of losses due to capacitance gaps and currents flowing in the metallic parts of the SRR. Most significantly, we deliberately design our multilayered structure to resonantly enhance the microwave magnetic field at the frequency of the FMR in the YIG film. As shown in Refs. 37 and 39, the local enhancement of the microwave magnetic field is due to the presence of a Mietype resonance in subwavelength dielectric structures, i.e., structures with cross-sectional dimensions smaller than the microwave wavelength.
The enhancement of the microwave magnetic field h rf attainable with our structure is advantageous for magnetically tuneable microwave devices because this field drives the FMR resonance. Consequently, h rf has to be strong enough to achieve an easily detectable FMR response. Whereas this is not a problem to achieve a strong response in cavity FMR measurements employing a high quality factor microwave cavity, h rf is usually weak in stripline broadband ferromagnetic resonance (BFMR) and thus it needs to be enhanced. For instance, h rf might be increased by using a narrower stripline. However, in this case the near field produced by the stripline is mainly concentrated above the stripline in close proximity to its surface. This low-lying field localisation makes it difficult to drive magnetisation dynamics in thick magnetic films. Moreover, by using a narrow stripline one also excites propagating spin waves, which in general are seen as an undesirable widening of the FMR linewidth. 40, 41 We suggest that by choosing our all-dielectric multilayered structure one can increase the amplitude of h rf virtually independently of the dimensions of the stripline.
All-dielectric resonators combining magneto-insulating bulk YIG or thin films YIG with non-magnetic dielectric materials were used in the past. Thus, before we proceed to the discussion of the main results of our work, we would like to additionally highlight the novelty of our results with respect to those presented in previous works:
(1) Previous works, Refs. 20,42-51, demonstrated the existence of spin-electromagnetic waves in multilayered structures consisting of a YIG film combined with a ferroelectric or piezoelectric materials. In such structures, a spinelectromagnetic wave results from anti-crossing interaction between a spin wave in the YIG film and an electromagnetic wave propagating mostly in the electrically controlled layer. Consequently, the main discussion in the cited papers was focused on the electric control of the spectrum and phase shift of the spin-electromagnetic wave. In addition to electrical tuning, it was shown that the aforementioned multilayered structures can also be controlled by applied static magnetic fields (see, e.g., Refs. 45 and 51). However, none of the cited papers provided a detailed discussion of the mode anti-crossing phenomenon as a function of the applied magnetic field that is being varied in a broad range. Moreover, in some studies the mode anti-crossing effect was considered as undesirable. 48 Finally, the cited papers also do not discuss microwave magnetic field enhancement properties of the multilayered structures. A reason for this may be a very large ($1500) dielectric constant of ferroelectric layers as compared with the permittivity of the HDC material used in this present work. For such large permittivity, the fundamental resonance shifts toward low frequencies and thus in the spectral range of interest one does not observe electromagnetic field resonances suitable for the field enhancement.
(2) In a recent work, Bi et al. 10 proposed an arrayed magnetically tuneable Mie-type resonance-based dielectric metamaterial, which consists of individual meta-atoms built of dielectric cube resonators surrounded by bulk YIG layers. Bai et al. investigated the effective permeability and permittivity of the metamaterial and showed the possibility to control these parameters by external static magnetic field. However, despite a close similarity between their metamaterial structure and the multilayered structure proposed in this work, one can easily see important differences. First, we propose a single (as opposed to an array) planar YIG thin filmbased structure capable of enhancing the in-plane component of the microwave magnetic field h rf . However, the microwave magnetic field enhancement was not discussed by Bai et al. Most significantly, they do not discuss the mode anticrossing effect that lies at the heart of magnetically tuneable materials and microwave quantum systems. 16, 17, [23] [24] [25] [26] [27] [28] In fact, the anti-crossing could not be observed in the experimental arrangement used by Bai et al. because at the maximum of the static magnetic field applied normally to the metamaterial ($2500 Oe) the FMR frequency was below the resonance frequencies observed in the transmission spectrum of the metamaterial.
(3) A high-quality dielectric resonator was used in Refs. 52 and 53 to create pumping field for the amplification of standing spin wave modes in a single crystal YIG film. This resonator was excited at a fixed carrier frequency of 14.258 GHz, which corresponds to the double frequency of one of the standing spin wave modes. This arrangement is required to obtain the maximum efficiency of the parametric amplification. Consequently, the anti-crossing between the spin wave modes and the dielectric resonator mode was not reported in the cited papers. Importantly, one should not mix up the aforementioned anti-crossing effects with the hybridisation of different types of spin wave modes observed in Fig. 1 
(4) Finally, the papers cited in (1)- (3) do not discuss the potential of the strong photon-magnon coupling observed in all-dielectric multilayers to be applied in microwave quantum systems. In this work, we point out this potential and also suggest that the use of dielectric materials may help to decrease losses in metallic cavities and SRRs used in the previous works. [23] [24] [25] 27 A conceptually similar idea has recently been proposed by Rameshti et al., 54 who studied a YIG sphere placed inside a spherical microwave cavity. They demonstrated that one can achieve strong photon-magnon coupling even if the cavity is removed and that the isolated YIG sphere itself acts as a microwave cavity that supports Mie-type resonances. However, YIG spheres are essentially 3D objects which are difficult to use in a planar configuration, which is not the case of all-dielectric multilayers investigated in our work.
II. RESULTS AND DISCUSSION
Central for understanding of the FMR is the notion of spin waves, which are excitations in magnetic media existing in the microwave frequency range.
1,2 Spin waves represent collective precessional motion of spins coupled by shortrange exchange and long-range dipole interaction in a magnetic medium. The classical description of spin waves is given by the Landau-Lifshitz-Gilbert (LLG) equation for the magnetisation vector M
where c is the gyromagnetic ratio, H eff is the total effective magnetic field inside the medium including the contribution of h rf , M s is the saturation magnetisation, and a G is the Gilbert damping coefficient. The first term on the right-hand side of Eq. (1) gives rise to the precessional motion of the magnetisation vector about an equilibrium direction determined by the effective magnetic field. The second term is the damping term responsible for the magnetisation vector spiralling back to the static equilibrium. The FMR or the fundamental mode of uniform precession of magnetisation is the case where the spins precess with the same phase and amplitude over the whole volume of the magnetic material. It may be considered as a spin wave with an infinite wavelength or zero wave vector.
The most popular way to probe the excitation of the FMR in planar multilayered magnetic structures is to expose a planar sample to a microwave radiation by using stripline BFMR method (for a review, see, e.g., Ref. 41 ). The main part of a BFMR setup is a section of a stripline. The multilayer under test sits on top of the stripline (Fig. 1) . A microwave current flowing through the microstrip at a fixed frequency f imposes a microwave (Oersted) magnetic field on the multilayer. The resonance frequency in the multilayer is determined by a slowly scanned frequency f or external static magnetic field H. In the latter case, as the value of H is adjusted, the frequency of the natural magnetisation precession resonance eventually equals the frequency of the microwave magnetic field, and significant microwave power absorption occurs.
The core of the proposed multilayered structure is a magneto-insulating 50 lm-thick YIG film (Fig. 1 , the thickness is defined along the y-axis). The YIG film sits on top of a thicker ($0.5 mm) non-magnetic Gadolinium Gallium Garnet (GGG) substrate, which is used as a seed for the growth of YIG. Hereafter, we will assume that in the microwave spectral range the dielectric permittivity of both YIG and GGG is 15. We sandwich the YIG/GGG film by two non-magnetic HDC plates with the same in-plane dimensions as those of the YIG/GGG film. Importantly, we assume that the dielectric permittivity of these commercially available 36 low-loss HDC plates is also 15. Thus, in the cross-section our final structure looks like a 4.65 mm-high and 8 mm-wide FIG. 1. Schematic of the proposed multilayered structure consisting of a magnetic YIG layer sandwiched by two non-magnetic HDC layers. (The GGG substrate of the YIG film is not shown.) The cross-sectional dimensions of the multilayer are 4.65 mm along the y-axis and 8 mm along the x-axis. In simulations, it is assumed that the multilayer is infinitely long along the z-axis and the YIG layer is magnetised tangentially by the external static magnetic field H. The microwave magnetic field h rf is induced by a microwave current flowing in the stripline of width w. In the main text, the x-component of this field is referred to as in-plane. Only for the sake of illustration, the multilayered structure is separated from the stripline by an air gap. In practice, and thus in our simulations, this structure sits on top of the stripline, as indicated by two straight downward arrows.
multilayer consisting of a magneto-insulating YIG film surrounded by non-magnetic HDC materials.
As discussed above, in an experimental work the BFMR spectroscopy would be the method of choice with which to investigate the FMR response of the multilayered structure. In Ref. 41 , we showed that experimental BFMR traces can be reproduced with high accuracy and explained by using semi-analytical and numerical methods such as a finitedifference method or a finite-difference time-domain (FDTD) method. In this work, we employ our customised FDTD software that solves the LLG equation, Eq. (1), consistently with the Maxwell's equation. 55 Due to its timedomain nature, the FDTD may be thought as a numerical counterpart of the experimental Pulse Inductive Microwave Magnetometry (PIMM) technique, 41 which is one of the experimental techniques belonging to the family of the BFMR spectroscopy.
We would like to underline the complexity of numerical simulations due to the presence of a very thin magnetic YIG film as compared with the microwave wavelength of h rf (see Ref. 56 for more details). For this reason, hereafter we will assume that the multilayer is infinitely long along the z-axis. Also, we will model the microstrip line as an infinitesimally thin current sheet. This approach was used in the past in analytical models (see, e.g., Ref. 57) . We also demonstrated that the aforementioned two-dimensional model and the current sheet approximation reproduce experimental data with good accuracy (see Ref. 41 and references therein).
Another numerical problem arising due to the large difference between the film thickness and the wavelength of the electromagnetic wave 56 -the instability of Perfectly Matched Layers boundary conditions for the FDTD-has been circumvented in this work by using the old-fashioned Mur's absorbing boundaries, 58 which have been proven to be acceptably efficient.
In our simulations, we use the following parameters of YIG: 4pM s ¼ 1750 G and a G ¼ 0.001. We deliberately choose a relatively large value of a G because by using realistically low values (such as 4 Â 10 -5 ) our simulations would be impractically long due to the need to resolve the linewidth of the FMR peaks. However, our choice will not interfere with the analysis of the mode anti-crossing. Indeed, in the scenario of a small a G one should expect qualitatively the same result as in the case of a large a G , but the linewidth of resulting FMR peaks will be narrower.
Also, due to a small saturation magnetisation and a relatively large thickness of the YIG film the higher-order standing spin waves are not expected to contribute to the magnetisation dynamics. As the dipole-dipole interaction dominates the total energy, our FDTD simulations do not take into account the exchange interaction, which makes it possible to reduce the computation time. Also, some authors 2 cite smaller values of a G for YIG, which, if used in our simulations, would lead to very small values of the FMR linewidth DH. Thus, such values are deliberately avoided in our simulations because the resulting resonance peaks would be very sharp and the attainment of high resolution of these peaks would be very time-consuming.
As a test of our software and also in order to choose a suitable discretisation parameters of the computation domain Dx and Dy, we conduct simulations for the standalone 50 lm-thick YIG film located 2.325 mm above the microstrip line, which simulates the scenario of the surrounding material with the dielectric permittivity of air. The YIG film is magnetised in its plane along the z-axis (Fig. 1) .
We excite the magnetisation dynamics in the YIG film by modelling the excitation of the microstrip line by microwave current. As a rule of thumb, the near field created by a microstrip line extends above this line at a distance that equals to the width w of the microstrip. Consequently, we chose the width of the microstrip line as w ¼ 3 mm, which ensures a strong coupling between the microwave magnetic field of the stripline and the FMR resonance in the YIG film. The choice of such a wide stripline also ensures an efficient excitation of the electromagnetic resonance in the case of the YIG film surrounded by the HDC material (see below).
We also note that the excitation by using such a wide stripline is equivalent to the excitation by a plane wave incident on the sample from the far-field region, 41 which was additionally verified in this work. Consequently, the result presented below may be extended to the scenario of the excitation from the far field region, which is often the case of electromagnetic metamaterials (see, e.g., Ref. 10).
As shown in Fig. 2 , we obtain a good agreement between the simulated FMR frequency and the predictions of the Kittel equation
We note a good agreement between the results in a broad range of frequencies and values of the applied field. This result was achieved by using Dx ¼ 62.5 lm and Dy ¼ 2.5 lm. The total number of time steps was considerably large: 10 6 . For the sake of consistency, in all simulations presented below we will keep the same parameters.
The obtained FDTD spectra also allow us to extract the frequency swept FMR linewidth Df, which is then used to obtain the field swept full width DH of the FMR. 59 We note that the extraction of the linewidth is challenging because of sharp features in the spectra (see the inset in Fig. 2 ). Despite the use of a relatively large Gilbert magnetic damping constant a G ¼ 0.001 the resonance line is still sharp with respect to the expected artefact of the linewidth broadening due to termination of the simulation process before the end of the transient process in the model. Nevertheless, we achieve acceptable agreement between the extracted linewidth values and the values for an infinitely wide YIG film produced by the formula DH ¼ 2af/jcj. 2, 60 This result allows us to assume that the resulting linewidth is not affected by the broadening due to the excitation of travelling spin waves. 40, 41 Indeed, the previous theory predicts that this broadening should be negligible because our stripline is wide enough to minimise this effect. Furthermore, we suggest that another linewidth broadening mechanism-the excitation of the higher-order width modes 61 -is also absent. The width modes have the wave vectors k ¼ np/w film being n the mode number indices and w film ¼ 8 mm the width of the magnetic film (along the x-direction in Fig. 1 ). As shown in Ref. 41 , in the stripline BFMR one can excite spin waves with the maximum wave vector k max ¼ 2p/w (where w is the characteristic width of the stripline). In fact, k max is the first zero of the function j k ¼ (w/(2p))sin(kw/2)/(kw/2), which corresponds to the Fourier image of the linear current density in the stripline. Thus, the spectral density of j k is largely concentrated between Àk max and k max . For example, for w ¼ 3 mm one obtains k max % 21 cm
À1
. Due to symmetry considerations, in our structure one may expect to observe a noticeable contribution of the width modes with n ¼ 1, 3, and, 5 to the FMR spectra because their wave vectors k < k max . However, as shown in Refs. 57 and 62, in the stripline arrangement the amplitude of the driving microwave field scales as exp(Àkd) being d the distance between the stripline and the film, which in our case is 2.325 mm. By plugging d and k ¼ np/w film into this expression, one sees that the efficiency of the excitation of the width modes with respect to the fundamental FMR mode quickly drops with the mode number n, which supports our hypothesis that the higher-order width modes are absent in our system.
As the next step, in our simulations we sandwich the YIG film between two HDC plates (as shown in Fig. 1) . First, we calculate the spectrum of the multilayer for the zero applied static magnetic field H. The calculated spectrum [ Fig. 3(a) ] shows the ratio jh x j 2 /jh 0 j 2 taken in the middle of the YIG film, where h x is the in-plane component of the microwave magnetic field induced by the stripline loaded with the multilayer and h 0 is the in-plane field component of the unloaded stripline. 63 One can see a resonant >350-fold local enhancement of the intensity of the in-plane (h x ) component of the microwave magnetic field at the microwave frequency of 11.2 GHz. One can see that the linewidth of this peak is one order of magnitude larger as compared with the FMR linewidth. The obtained enhancement is consistent with a previous result for a single dielectric cuboid resonator with a similar dielectric constant but larger dimensions. 39 Figure 3(b) shows the simulated profile of the h x field, from which one sees that the maximum of the local enhancement occurs slightly above the centre of the multilayer, i.e., slightly above the YIG film whose approximate position is given by two straight horizontal lines. This shift of the field profile is probably due to one-side excitation of the multilayer by a stripline, which is located below the multilayer. We verified that the same shift is seen when we excite the multilayer by a plane wave incident from the bottom.
It is also noteworthy that virtually the same spatial profile of the h x field (but not the amplitude) is observed when the frequency is scanned from 8 GHz to 14 GHz. We will return to this discussion later on.
As the next step, we step up the value of H and repeat the simulation of the h x -field enhancement spectrum. As shown in Fig. 4 , the peak corresponding to the magnon mode appears at $8.2 GHz at H ¼ 1999 Oe. The frequency of this peak increases as the value of H is increased. At around H ¼ 2900 Oe, the magnon mode peak reaches the electromagnetic mode peak and the anti-crossing occurs. In this case, one can see not one but two peaks at the frequencies above and below 11.2 GHz. The magnon mode peak reappears at $13 GHz at H ¼ 3571 Oe, and the position and magnitude of the electromagnetic resonance peak of the multilayer take the same values as before the anti-crossing occurred. Figure 5 (a) provides a bird's-eye view picture of the anti-crossing effect discussed in Fig. 4 . This figure shows the simulated spectra as a two-dimensional gray-scale map plotted as a function of both frequency and the applied field H. We also discuss the local enhancement of the intensity of the h x field at different values of H. A close observation of the panels of Fig. 4 reveals that at the frequencies below the anti-crossing region the enhancement remains unchanged as compared with the case of the non-magnetised multilayer. However, the magnitude of the electromagnetic peak decreases and that of the FMR peak increases when the FMR peak approaches the electromagnetic peak. This redistribution of the peak magnitudes is accompanied by a broadening of the FMR peak linewidth and narrowing of the electromagnetic peak linewidth. These effects may be a signature of the energy exchange between the two modes. Finally, at the frequencies above the anti-crossing regime the magnitudes of both peaks and their linewidths gradually return to the same values as at the frequencies below the anti-crossing.
We also extract DH of the FMR peak at the frequencies far from the anti-crossing by using the same procedure as above. The obtained values resemble those obtained for an infinitely wide YIG film but without the HDC layers. Please note that the extraction of the linewidth of the FMR peaks in close proximity to the anti-crossing is especially challenging. One can see that the line shape of these peaks is strongly asymmetric, which is a signature of a Fano resonance often occurring when frequencies of two resonances-a narrow resonance and a broad resonance-are spectrally close one to another. Finally, at the frequency of the anti-crossing it is impossible to separate the two resonances and analyse their individual line shapes.
At this point, we would like to return to the discussion of the width modes and the role of the profile of the microwave magnetic field inside the YIG film. In accord with the theory from Guslienko et al., 61 the inhomogeneity of the h xfield profile along the width of the magnetic film (along the x-direction in Fig. 1 ) is a condition for efficient excitation of the width modes. We already discussed that a considerable distance between the stripline and the YIG film drastically reduces the efficiency of the excitation of these modes in the isolated YIG film. Here, we point out that the presence of the HDC layers additionally prevents these modes from occurring. Above we noted that the h x -field profile shown in Fig. 3(b) virtually remains unchanged in a broad range of frequencies from 8 GHz to 14 GHz. Therefore, one sees that the presence of the HDC layers makes the field profile less inhomogeneous, thus making this field unfavourable for the excitation of the width modes.
By analogy with SRR-based metamaterials loaded with bulk YIG, 16 it would be logical to expect a larger magnon mode peak intensity in thicker YIG layers sandwiched between two HDC layers. On one hand, the strength of the interaction between spins and an electromagnetic field mode scales as the square root of the total number of spins. 34 Consequently, the number of spins is larger in a thicker YIG layers than in thinner ones, which should result in stronger interaction. On the other hand, an earlier theory from Ref. 57 states that the strength of coupling of magnon dynamics in ferromagnetic films to microwave fields of striplines scales with the film thickness.
However, the previous theories do not take into account the contribution of the non-magnetic HDC layers present in the multilayer. As one can imagine by inspecting Fig. 3(b) , a larger portion of the microwave magnetic field energy can be focused in the cross section of a thicker YIG layer as compared with a thinner one. This suggests that the strength of the FMR excitation in thicker layers can be yet stronger due to the localisation of the microwave magnetic field in the layer.
The result of numerical simulations for a 500 lm-thick YIG slab is shown in Fig. 5(b) . Note that we do not change the total thickness of the multilayer, which implies that for the 500 lm-thick YIG film each surrounding HDC layer is 225 lm thinner than for the structure with the 50 lm-thick YIG film. One observes a stronger anti-crossing effect [ Fig. 5(b) ]. One also sees that the intensity of the magnon mode, seen in Fig. 5(b) as a straight-line trace in between the two electromagnetic modes that avoid crossing, becomes comparable to the intensity of the electromagnetic mode, which is especially seen for H ¼ 1000…3000 Oe and H ¼ 4000…5000 Oe. Both the stronger anti-crossing effect and the larger magnitude of the magnon mode with respect to the result in Fig. 5(a) are attributed to the increased thickness of the YIG layer. 64 We also consider the scenario of a standalone hotpressed polycrystalline YIG thick plate having the same dielectric permittivity as the YIG films considered above, as well as the same cross-sectional dimensions as the multilayer in Fig. 1 . Note that the HDC layers are not needed in this case because the thick YIG plate simultaneously plays the role of the resonator for the magnon mode and the resonator for the electromagnetic mode. It is known that the magnetic damping for the hot-pressed YIG is larger than the value for high-quality single crystal YIG films. The dielectric permittivity may also be different. However, we keep using a G ¼ 0.001 and e ¼ 15 for the sake of consistency with the analysis above.
The result for the YIG thick plate is shown in Fig. 5(c) . Naturally, the anti-crossing effect is very strong because of a larger number of spins is involved in the photon-magnon interaction and due to the fact that all energy of the microwave magnetic field is now concentrated in the magnetic layer.
From the simulated gray-scale maps in Fig. 5 , we extract a value that characterises the strength of coupling of the electromagnetic resonance mode of the multilayer to the magnon mode. In order to compare the degree of co-operativity of different resonance systems, one traditionally uses an abstract model of two coupled resonators (see, e.g., Refs. 23, 24, and 35 ). This standard model reads
where f 1 and f 2 are the frequencies of the coupled resonances, f 1 0 and f 2 0 are the respective resonance frequencies in the absence of coupling and D is the coupling strength. The coupling strength is measured in frequency units. Extracting D from the best fits of simulated data with this abstract model allows one to formally compare systems with different physical origins. Hereafter, we assume that coupling of the multilayer resonance to the microstrip feeding line is broadband and does not depend on the frequency and applied field within the frequency range of interest. This valid assumption allows one to assign the effect seen in Fig. 5 to the coupling of the photon mode of the multilayer to the magnon mode. We also assume that f 2 0 is the frequency of the pure magnon mode given by the Kittel formula Eq. (2). Hence, it depends on the applied field H. Similarly, we assume that f 1 0 is the frequency of the multilayer mode at H ¼ 0. Therefore, it is independent of the applied field.
The dashed lines in Figs. 5(a)-5(c) are the best fits of the simulated data with Eq. (3). From the fits in Fig. 5(a) , we obtain D ¼ 500 MHz or D/f 1 0 ¼ 4.5%. The former value is slightly larger and the latter value is 1.5 times smaller than those (450 MHz and 6.8%) for an SRR-YIG system investigated in Ref. 27 . This comparison is given as a guide only, because the thickness of the YIG film in Ref. 27 16 the usage of thicker layers leads to stronger photonmagnon interaction and thus a wider tuning range. Furthermore, on average the simulated values of the coupling parameter D are the same as in the SRR-based structures. This allows us to draw the conclusion that insulators can be successfully used instead of metals as the constituent material of tuneable electromagnetic metamaterials. Most significantly, such non-metallic metamaterials can outperform their metal-based counterparts because they will be intrinsically low-loss. 9, 37, 38 In addition, the absence of metallic components may help to resolve electromagnetic compatibility problems often encountered in non-metal structures. 22 Finally, the all-dielectric design holds the potential to be frequency scalable, i.e., to some extent an increase in the operating microwave frequency should be possible by reducing the cross-section of the multilayer. Of course, due to relatively low saturation magnetisation of YIG the operation at higher microwave frequencies will require larger values of the applied static magnetic field H. The same larger values of H would be required for an SRR-YIG device (or any other magnetic devices containing YIG exploiting the FMR) to operate at higher frequencies. It should be noted that at higher frequencies SRR-based devices may suffer even more from increased losses in the SRR structure. In contrast, this is not expected in our magneto-insulating multilayered structure.
On the other hand, the requirement for the applied magnetic field can be relaxed if one uses spinel or hexaferrite materials 65 instead of YIG. These materials are characterised by a large saturation magnetisation of $3000-5000 G and their magnetic losses given by a G ¼ 0.002 or so. The dielectric permittivity of spinels and hexaferrites is $12, which is lower than that of YIG assumed throughout this paper. However, this is not a problem because the thin film is surrounded by two HDC layers. Our simulations show that the magnetic field intensity profile remains unchanged even if the two HDC layers are separated by a 100 lm-high gap. This suggests that one can use insulating thin-film magnetic materials with a relatively low dielectric permittivity without changing the operating frequency and significantly losing in the magnetic field enhancement.
III. CONCLUSIONS
Our rigorous numerical simulations have revealed the potential of all-magneto-dielectric multilayered structures to outperform conventional split-ring-resonator-based magnetically tuneable metamaterials and quantum systems. The proposed multilayer structure combines standard and commercially available constituent materials such as YIG and high dielectric constant materials, and it can be driven by both near-and far-field zone microwave magnetic signals produced by different types of sources. The flexibility of the design allows one to employ other magneto-insulating materials instead of YIG, even if the dielectric permittivity of those materials is relatively low as compared with that of the non-magnetic materials. As shown in Ref. 2 , decent optical properties of YIG make it possible to create hybrid microwave-optical devices. The presence of non-magnetic dielectric materials additionally improves the optical properties of the investigated multilayer thus making it potentially attractive for the application in, e.g., recently proposed microwave quantum illumination. 29 
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